' INTRODUCTION
Tyrosine phenol-lyase (TPL; E.C. 4.1.99.2) is a pyridoxal 5 0 -phosphate (PLP)-dependent enzyme, which catalyzes the reversible cleavage of the CβÀCγ bond of L-Tyr to produce phenol, ammonium, and pyruvate (Scheme 1). In addition to its physiological reaction, in vitro TPL catalyzes a plethora of other reactions including β-elimination (and its reversal) of a number of other α-amino acids and several structurally similar compounds, 1 as well as β-substitutions by phenol derivatives and their heterocyclic analogues. 2 Some of these TPL-catalyzed reactions have been utilized for biotechnological production of L-Tyr and several related compounds like L-DOPA, a top-selling drug prescribed for treatment of Parkinson's disease. 3 In addition, TPL was modified by mutagenesis to have better performance in specific nonphysiological catalytic tasks, which proved to be useful for "green" organic synthesis of L-Tyr derivatives, including several pharmaceuticals and their precursors. 4 The phenolic moiety is not a good leaving group, so its elimination from L-Tyr is a mechanistically intriguing process. 5 The postulated mechanism, catalyzed by TPL, consists of several intermediate steps (Scheme 1): (a) formation of the external aldimine by the reaction of the internal aldimine and L-Tyr; (b) Cα-proton abstraction performed by the PLP-binding Lys257 (amino acid numbering is for Citrobacter freundii TPL) resulting in the quinonoid intermediate; and (c) protonation of the substrate's Cγ atom by Tyr71 of the adjacent subunit and the concerted elimination of phenol along with the formation of α-aminoacrylate. 6 We note that Scheme 1 shows protonation of Cγ and CβÀCγ bond cleavage as occurring in a stepwise mechanism; however, multiple isotope effects on the reaction of tryptophan indole-lyase, a structurally and mechanistically very similar enzyme, suggest a mechanism with concerted protonation and elimination. 7 TPL is a homotetramer with four active sites, two per catalytic dimer, located at the monomerÀmonomer interface. 8, 9 Rearrangement of the large and small domains in a TPL subunit results in two different active-site conformations: open and closed.
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Received: April 12, 2011 ABSTRACT: The key step in the enzymatic reaction catalyzed by tyrosine phenol-lyase (TPL) is reversible cleavage of the CβÀCγ bond of L-tyrosine. Here, we present X-ray structures for two enzymatic states that form just before and after the cleavage of the carbonÀcarbon bond. As for most other pyridoxal 5 0 -phosphate-dependent enzymes, the first state, a quinonoid intermediate, is central for the catalysis. We captured this relatively unstable intermediate in the crystalline state by introducing substitutions Y71F or F448H in Citrobacter freundii TPL and briefly soaking crystals of the mutant enzymes with a substrate 3-fluoro-L-tyrosine followed by flash-cooling. The X-ray structures, determined at ∼2.0 Å resolution, reveal two quinonoid geometries: "relaxed" in the open and "tense" in the closed state of the active site. The "tense" state is characterized by changes in enzyme contacts made with the substrate's phenolic moiety, which result in significantly strained conformation at Cβ and Cγ positions. We also captured, at 2.25 Å resolution, the X-ray structure for the state just after the substrate's CβÀCγ bond cleavage by preparing the ternary complex between TPL, alanine quinonoid and pyridine N-oxide, which mimics the α-aminoacrylate intermediate with bound phenol. In this state, the enzymeÀligand contacts remain almost exactly the same as in the "tense" quinonoid, indicating that the strain induced by the closure of the active site facilitates elimination of phenol. Taken together, structural observations demonstrate that the enzyme serves not only to stabilize the transition state but also to destabilize the ground state.
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A quinonoid species is the key intermediate in almost all reactions catalyzed by PLP-dependent enzymes, 12,13 but due to its low stability, there are only a few reports on structures of this important intermediate.
11, 14 Recently, we reported X-ray structures for TPL quinonoid intermediates prepared by soaking holoenzyme crystals with inhibitors L-Ala and L-Met.
11 While in the crystals of holoenzyme both subunits of the asymmetric part were in the "open" state, in the crystals of quinonoid intermediates one of the two subunits adopted the closed conformation. Two lines of evidence indicated that differences between the two states were not induced by lattice forces affecting the individual subunits in the crystal. First, spectroscopic measurements indicated equivalence of complexes formed in crystal to complexes formed in solution. 15 Second, the two states, open and closed, were earlier observed in the structure of apoenzyme, which did not involve soaking, suggesting that the two states represent two energetically favorable states. Furthermore, a changing pattern of molecular contacts observed in crystals for different states demonstrated plasticity in molecular interactions, suggesting that domain movements were not restricted by crystal contacts. Taken together, these observations indicated that structures of TPL complexes in crystallo were directly related to complexes that form in solution.
Despite previous structural data, the molecular mechanism of the reaction and in particular the detailed structural changes accompanying and facilitating the cleavage of the CβÀCγ bond of the physiological substrate L-Tyr and the subsequent elimination of phenol remained elusive. Herein, we show that the closure of TPL active site does not only bring the catalytically important Thr124 and Arg381 into positions suitable for catalysis, but also causes a significant strain in the quinonoid intermediate formed with the substrate. The resulting "tense" quinonoid intermediate is less stable and thus more liable to the cleavage of the CβÀCγ bond in the final stage of the β-elimination. These notions are based on the crystal structures of the quinonoid intermediates formed with the substrate 3-fluoro-L-tyrosine (3-F-L-Tyr; Chart 1). 3-F-L-Tyr was used for preparation of quinonoid intermediates because its kinetic properties are very similar to L-Tyr, 16À18 but it is at least 5 times more soluble in the solution used for preparation of complexes (see the Experimental Section). The quinonoid intermediates were "captured" in the crystalline state of C. freundii TPL by introducing replacements Y71F or F448H. These mutant enzymes lack the β-elimination activity with L-Tyr or 3-F-L-Tyr as a substrate; instead, they accumulate quinonoid intermediates when incubated in the solution of either of these two amino acids. 15À17 We used this property to prepare crystals of quinonoid complexes. Soaking crystals of the Y71F or F448H mutant holoenzymes with 3-F-L-Tyr for about 15 s resulted in a quick color change, from yellow to orange, suggesting formation of the quinonoid intermediate. However, unlike for quinonoid complexes formed with L-Ala and L-Met, 11 diffraction quality of these crystals deteriorated very rapidly, necessitating short soaking times followed by flash-cooling in liquid nitrogen. The structures, determined at 2.04 Å (Y71F) and 2.00 Å (F448H) resolution, reveal two different geometries of the quinonoid intermediate: "relaxed" in the open and "tense" in the closed conformation of the active site. In addition, we determined the structure of the wild-type TPL in complex with alanine quinonoid and pyridine N-oxide. This structure mimics the state just after the CβÀCγ bond cleavage, with the α-aminoacrylate intermediate and a phenol molecule bound in the closed active site. Figure 1a) . Additionally, the hydroxyl group of the 3-F-Tyr quinonoid complex forms H-bonds with two water molecules, while the fluorine atom is H-bonded to only one of them. The substrate's hydroxyl is at the distance of 4.1 Å from the hydroxyl of Thr124 and at 4.8 Å from the closest nitrogen atom in the guanidine of Arg381. Because in this open conformation there is no strain on the quinonoid molecule induced by the enzyme, we refer to this quinonoid geometry as the "relaxed" state.
Quinonoid Intermediate of F448H TPL. The 2.0 Å resolution structure of F448H TPL complexed with 3-F-L-Tyr contains four crystallographically independent active sites, all found in the closed conformation (Figures 1b and S4ÀS7 ). It was shown by rapid-scanning stopped-flow spectroscopy that F448H TPL accumulates the quinonoid intermediate (λ max = 515 nm) when
Journal of the American Chemical Society ARTICLE incubated with 3-F-L-Tyr. 17 We note, however, that the quinonoid intermediate can be modeled in the F448H TPL active sites only in a "tense" (strained) geometry with the CαÀCβÀCγ angle of 103À106°(in contrast to 109°in the "relaxed" state) and the Cγ atom in a pyramidal geometry with the corresponding pyramidalization angle of 18À23°( Figure 2a ; Table 1 ). Because the estimated coordinate error for this structure was 0.15 Å, 20 such distorted geometry was validated using several approaches. First, we noted that the structure of the "tense" quinonoid could be refined satisfactorily only when the planarity restraints at the Cγ atom were released ( Figure 2b ). In contrast, refinement with the standard geometrical restraints keeping the Cγ atom in a planar environment reduced fit into electron density maps (Figures S3 and S11 in the Supporting Information) and resulted (c) The disordered active site (A) of Y71F TPL occupied mostly by the "tense" (gray; 0.67 occupancy) and partially by the "relaxed" 3-F-Tyr quinonoid (yellow; 0.33 occupancy). Only the closed active-site conformation could be modeled; a green hashed cylinder indicates a close contact between Phe448 and the "tense" quinonoid.
in the reduction of the tetrahedral CαÀCβÀCγ angle to 90À96°( depending on a particular subunit) from 109°observed in the "relaxed" quinonoid state. Such significant reduction is highly improbable, and indeed the PhÀCH 2 ÀC angles of less than 105°h
ave not been observed in small molecule structures. 21 Although absorption spectra obtained in solution 17 17 The final models were further validated using several computational approaches as detailed in the Experimental Section.
Distortion of the benzene moiety (including bond length alternations and out-of-plane deformations) is a well-known phenomenon observed in sterically constrained aromatic molecules (due to the bulky substituents or the crystal-packing interactions).
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DFT calculations in the gas phase showed that the "tense" molecule of 3-F-Tyr quinonoid is by 12À21 kcal mol À1 less favorable than the "relaxed" form. However, closure of the active site results in a significant increase in the number of enzymeÀ quinonoid contacts (as described in the next paragraph), which might compensate for the observed distortion and thus stabilize the quinonoid molecule in the "tense" geometry. It is important to note that the "tense" quinonoid molecule appears to be the species "prepared" for the attack of a proton at the Cγ atom and consecutive CβÀCγ bond cleavage. The phenol elimination should proceed through the transition structure with (at least) a partially sp 3 -hybridized Cγ atom, similar to the ketoquinonoid structure shown in Scheme 1. In agreement with this, the protondonating hydroxyl group of Tyr71 is in a suitable position (Figure 1b ), being at a distance of 3.8À3.9 Å in four crystallographically independent subunits from the Cγ atom of the quinonoid.
Quinonoid Intermediate in the Closed Active Site of Y71F TPL. The second subunit of the catalytic dimer in the Y71F TPL complex is statistically disordered (details provided in the Supporting Information), but it is found predominantly in the closed conformation (Figure 1c) . Like in the case of F448H TPL, the closed active-site state of Y71F TPL is occupied by the quinonoid molecule in the "tense" conformation, with the CαÀCβÀCγ angle of 108°and the Cγ pyramidalization angle of 27°( Figure 3 ; Table 1 ). In the case of Y71F TPL, spectra were previously measured both in solution 16 and in crystallo, 
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All H-bonding and salt-bridge contacts with the enzyme found in the "relaxed" conformation of the Y71F TPL complex are also present in the "tense" conformation of the 3-F-Tyr quinonoid (Figure 1) . However, the "tense" conformation is additionally stabilized by H-bonds formed between the substrate's hydroxyl group and the hydroxyl group of Thr124 as well as the guanidine group of Arg381. The phenyl ring and the hydroxyl group of the substrate in the closed active site of the Y71F TPL complex are in close contacts with the side chain of Phe448 (the shortest distance is 3.1 Å). These structural observations are corroborated by the earlier biochemical studies, which showed that both Thr124 and Phe448 are required for substrate specificity of TPL, 17 while the deprotonated side chain of Arg381 has an unusual role as a catalytic base (Scheme 1). 9 In both open and closed conformations, Arg381 is part of a triad of H-bonded residues involving the guanidine of Arg381, the hydroxyl of Ser385, and the carboxylate of Glu380 (Figures 5 and S13 ). Via this H-bond network, the negatively charged carboxylate of Glu380 could additionally activate Arg381 to act as the catalytic base. In the F448H TPL complex, the substrate's phenolic group is not only H-bonded to the side chains of Arg381 and Thr124, but also to the imidazole group of His448 (mutated Phe448). The additional H-bond further stabilizes , and Met121(C) with the j and ψ values next to the borderline of the allowed region 45 and very similar to those of Met121(D). All of these residues are clearly defined in the electron density maps.
ARTICLE the closed conformation and thus prevents the completion of the enzymatic reaction. This explains why F448H TPL exhibits very low β-elimination activity with L-Tyr, but retains significant activity toward the substrates with good leaving groups, which cannot form H-bonds with His448 in the mutated enzyme. 17 In the wild-type TPL, the phenyl group of Phe448 induces further strain on the substrate as evidenced by the larger Cγ pyramidalization angle in the closed active site of the Y71F TPL complex.
TPL Complex with Alanine and Pyridine N-Oxide. Previous spectroscopic 23, 24 and crystallographic 11 studies showed that wild-type TPL forms the Ala quinonoid intermediate when incubated with L-Ala. Pyridine N-oxide (PNO) binds selectively to the Ala quinonoid intermediate. 24 We used this knowledge to prepare the ternary complex by soaking the wild-type holo-TPL crystals with a mixture of L-Ala and PNO. The structure of this complex, determined at 2.25 Å resolution, mimics the α-aminoacrylate intermediate with the phenol molecule bound in the active site (Scheme 1). While the open active site of this structure is occupied only by the internal aldimine, the closed active site contains a mixture of different ligands in a statistical disorder (details provided in the Supporting Information; Figure 4) . A PNO molecule is bound in the pocket of the closed active site otherwise occupied by the substrate's phenolic moiety in Y71F and F448H TPL complexes. The C4 atom of the PNO molecule (the equivalent of Cγ in L-Tyr) is located only 3.0 Å from the Cβ of the Ala quinonoid, so this structure models a phenol molecule and the α-aminoacrylate intermediate just after the cleavage of the substrate's CβÀCγ bond. Mean planes of the PNO molecule and the "alanine" moiety (atoms Cα, Cβ, imino N, and carboxylic C) in the quinonoid make an angle of only 26° (Figure 4) . We note that the equivalent angle in the "relaxed" quinonoid molecule is 110°, in contrast to 78°found for the "tense" quinonoid in the Y71F TPL complex and 81À84°observed for the F448H TPL complex. Like in the "tense" quinonoid, the O atom of the PNO makes H-bonds with the side chains of Thr124 and Arg381, with a close contact (∼2.9 Å) being made between the C4 atom of PNO and the proton-donating hydroxyl of Tyr71. The close resemblance of enzymeÀligand contacts in the "tense" quinonoid to contacts observed in this complex, representing the state just after the CβÀCγ bond cleavage, indicates that the strained conformation induced by the closure of the active site facilitates elimination of phenol.
After completion of the β-elimination reaction, the active site has to open to release the phenol molecule. As the closed conformation of the active site and a bound phenol molecule protect the α-aminoacrylate intermediate from the solvent, we speculate that the α-aminoacrylate intermediate can undergo the transaldimination reaction only after a phenol molecule is released and the active site becomes solvent accessible. In that way, the other product of this reaction, an iminopyruvate molecule, can be released and become available for the nonenzymatic hydrolysis (Scheme 1).
The bonds being broken as the result of the catalytic act are oriented trans (anti) to each other on opposite sides of the PLP plane. Thus, the mechanism that is operative in the case of TPL should be classified as anti-E1cb. Until now, this anti elimination was reported only in the case of O-acetylserine sulfhydrylase 25 where the concerted E2 mechanism was observed. The data indicate, therefore, that the traditional notion that most PLPdependent enzymes catalyze their elimination reactions via an E1cb mechanism with syn-geometry 12 is somewhat exaggerated. It is noteworthy that in many cases the transfer of the hydrogen isotope label from the α-position of the substrate to the leaving group is considered to be the strongest argument for this mechanism. However, the internal return may be associated with the concomitant isotopic exchange reaction, especially under the conditions where a single turnover in the main elimination reaction corresponds to several turnovers in the exchange reaction.
' CONCLUSION
Taken together, the presented structures demonstrate the importance of the closed conformation for the enzymatic activity of TPL. It is evident that the closure of the active site induces a significant strain in the quinonoid intermediate, facilitating distortion of the substrate's CαÀCβÀCγ angle and pyramidalization of the Cγ atom. Structural observations indicate that the "tense" structure is stabilized by the H-bonds between the substrate's phenol hydroxyl and Arg381 and Thr124, as well as van der Waals contacts with Phe448 ( Figure 5 ). To release the strain, the "tense" quinonoid is more susceptible to the Cγ-protonation and the CβÀCγ bond cleavage, which ultimately result in the elimination of phenol. Thus, the closure of the active site serves as the main driving force for the β-elimination reaction of L-Tyr.
The remarkable rate accelerations seen in enzyme catalysis have been often attributed primarily to transition-state stabilization, as was first proposed by Pauling. 26 However, it has been suggested that ground-state destabilization may contribute as much or even more to the decrease in activation energy as transitionstate stabilization. 27 In fact, on the basis of the structure of hen egg white lysozyme, the first enzyme crystal structure to be obtained, it was proposed that the reactive D-ring of the substrate is forced to adopt a higher energy half-chair conformation on binding, introducing strain that would be relieved on formation of the oxocarbenium ion intermediate. 27 Evidence for electronic strain of π-bonds in bound substrates was obtained by vibrational spectroscopy by Carey for thiol proteases, 28 by Belasco and Knowles with triose phosphate isomerase, 29 and more recently by Anderson for enoyl-CoA hydratase. 30 Evidence for groundstate strain was very recently obtained by Zhang and Schramm from examination of equilibrium isotope effects on binding of substrates to orotate phosphoribosyltransferase. 31 However, there appear to be no crystal structures that have shown a clear evidence for substrate strain. The results of the present crystallographic study demonstrate that TPL induces significant strain in the quinonoid complex of the substrate, distorting it in the ground state toward the transition state geometry required for cleavage of the formally unactivated CβÀCγ bond.
' EXPERIMENTAL SECTION Preparation of Quinonoid Complexes. Wild-type, Y71F, and F448H C. freundii TPL were produced in Escherichia coli SVS 370 cells transformed with the plasmid pTZTPL containing either the wild-type or the mutant TPL gene. All proteins were purified as described before. 17, 18 Crystals of the wild-type and mutant holo-TPL were grown using previously established conditions. 10, 11, 15 The alanine quinonoid complex with pyridine N-oxide (PNO) was prepared by soaking wild-type TPL crystals in the stabilization solution containing 40% (w/v) poly(ethylene glycol) 5000 monomethyl ether (PEG 5000 MME), 50 mM triethanolamine pH 8.0, 0.25 M KCl, 0.2 mM PLP, 0.5 mM dithiothreitol, with addition of 100 mM L-Ala and a saturating concentration of PNO. Because the crystals' quality deteriorated rapidly, the soaking time had to be restricted to ∼20 s. Complexes of the mutant TPL proteins with the substrate 3-fluoro-L-tyrosine (3-F-L-Tyr) were prepared by soaking crystals in the same stabilizing solution but with addition of 10 mM 3-F-L-Tyr. To prevent crystal deterioration, soaking time had to be restricted to ∼30 s.
Structure Determination and Analysis. All crystals were flashcooled in liquid nitrogen directly from the soaking conditions. Diffraction data were collected at 100 K and processed using DENZO and SCALEPACK, 32 Table 2 . Most crystallographic calculations were carried out using the CCP4 program package. 33 The structure of the F448H TPLÀ3-F-L-Tyr was determined by molecular replacement (PHASER) 34 using the complete tetramer of the C. freundii TPL apoenzyme (PDB ID: 2ez2)
10 as a search model. All other structures were refined using the TPL apoenzyme dimer as a starting model (PDB ID: 2ez2).
10 Models were rebuilt by COOT, 35 and water molecules were added using ARP/ wARP. 36 The refinement was performed by REFMAC 37 with the small (residues 19À44, 346À404, 434À456) and large (residues 1À13, 45À345, 405À422) domains 10 of each subunit treated as separate TLS groups. 38 Models of ligand molecules were generated by SKETCHER, and the corresponding library files for the refinement were created by LIBCHECK.
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The final refined models were further validated using MolProbity. 39 Geometries of the 3-F-Tyr quinonoid molecules were cross-checked using the MAESTRO program suite. 40 The initial model of the 3-F-Tyr quinonoid molecule was optimized by molecular mechanics using the all-atom OPLS force field in MACROMODEL. 41 The optimized ligand model was docked into the active sites and refined in real space against the corresponding omit σ A -weighted |F o | À |F c | electron density maps using program PRIMEX. 42 The all-atom OPLS force field, the default electron density weights (120 for energy and 50 for scoring), and the low planar group restraints were used throughout the refinement in PRI-MEX. DFT calculations on the quinonoid models refined in PRIMEX were performed with GAMESS 43 at the B3LYP level, using the 6-31G(d) basis set in the gas phase. Figures were made by PyMOL. ' REFERENCES
